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Abstract 

There is increasing evidence that infection with the Epstein-Barr virus (EBV) plays a role in the development of multiple 
sclerosis (MS), a chronic inflammatory demyelinating disease of the CNS.This article provides a four-tier hypothesis 
proposing (I) EBV infection is essential for the development of MS; (2) EBV causes MS in genetically susceptible 
individuals by infecting autoreactive B cells, which seed the CNS where they produce pathogenic autoantibodies and 
provide costimulatory survival signals to autoreactive T cells that would otherwise die in the CNS by apoptosis; 
(3) the susceptibility to develop MS after EBV infection is dependent on a genetically determined quantitative deficiency 
of the cytotoxic CD8+ T cells that normally keep EBV infection under tight control; and (4) sunlight and vitamin D 
protect against MS by increasing the number of CD8+T cells available to control EBV infection. The hypothesis makes 
predictions that can be tested, including the prevention and successful treatment of MS by controlling EBV infection. 
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Multiple sclerosis (MS) is a common chronic inflamma- 
tory demyelinating disease of the CNS, causing severe 
progressive disability, particularly in young people, and 
affecting more than 2.5 million people worldwide. A large 
body of evidence indicates that MS is an autoimmune 
disease (Sospedra and Martin 2005; Pender and Greer 
2007), but the primary cause of MS and the other human 
chronic autoimmune diseases is yet unknown. There is 
now substantial evidence that infection with the Epstein- 
Barr virus (EBV) plays a major role in the development 
of MS. This article provides a four-tier hypothesis proposing 
(1) that EBV has an essential role in the development of 
MS, (2) how EBV infection causes MS, (3) why EBV 
infection causes MS in some people but not others, and 
(4) how sunlight protects against MS (see Box 2). The 
hypothesis is presented after a general introduction to EBV 
and a review of the evidence implicating EBV in the 
pathogenesis of MS. 

Epstein-Barr Virus 

EBV is a ubiquitous human herpesvirus that has the unique 
ability to infect, activate, and latently persist in B lym- 
phocytes for the lifetime of the infected individual. Dur- 
ing primary infection, EBV transmitted via saliva infects 
naive B cells in the tonsil through binding of the viral 



surface glycoprotein gp350 to complement receptor 2 (CR2; 
also known as CD21), which is expressed by mature B 
cells and follicular dendritic cells (Nemerow and others 
1987). EBV drives the infected B cell out of the resting 
state to become an activated B blast and then exploits the 
normal pathways of B cell differentiation so that the B 
blast can become a latently infected resting memory B 
cell (Thorley-Lawson and Gross 2004; Fig. 1). To achieve 
this, the virus deploys a series of different latency tran- 
scription programs (Thorley-Lawson and Gross 2004). 
On initial infection of naive B cells, EBV uses the latency 
III or "growth" program in which all viral latent proteins 
are expressed — namely, the Epstein-Barr nuclear antigens 
(EBNA) 1, 2, 3A, 3B, 3C, and LP and the latent mem- 
brane proteins (LMP) 1, 2 A, and 2B. This activates the 
B cell to become a B blast, which then enters a germinal 
center in the tonsil where it down-regulates the expression 
of the EBNA proteins 2, 3A, 3B, 3C, and LP. The continuing 
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Box I . Glossary 

B cell receptor (BCR): The cell surface receptor of B cells for specific antigen. Its binding moiety is composed 
of a transmembrane immunoglobulin (Ig) (antibody) molecule. 

Class-switch recombination: The process by which a B cell's production of antibody changes from the IgM 
class of antibody, which every B cell expresses initially, to the IgG, IgA, or IgE class of antibody. This 
takes place in germinal centers and is mediated by recombination of C (constant) region Ig genes, which 
determine the class of the antibody and thus its effector function. Because the variable regions of the Ig 
genes do not change, class switching does not affect antigen specificity. 

Germinal center: Site within lymphoid follicle where B cells primed with their specific antigen undergo intense 
proliferation, somatic hypermutation of their Ig genes, and class-switch recombination. Mutant clones with 
high affinity for antigen are positively selected (affinity maturation) and differentiate into the long-lived 
antibody-secreting cells and the memory B cells that sustain serological immunity after infection, whereas 
B cells with low affinity for antigen die by apoptosis. The complete process is known as the germinal center 
reaction. 

HLA (Human leukocyte antigen): The human major histocompatibility complex, a cluster of genes encoding a 
set of membrane glycoproteins that present antigenic peptides to T cells. The HLA class I molecules present 
peptides generated in the cytosol to CD8+ T cells, and HLA class II molecules present peptides degraded 
in intracellular vesicles to CD4+ T cells. 

Latent in fection: A stage of viral infection in which the virus does not replicate within the infected host cell. 

Lymphoblastoid cell line (LCL): A line of B cells transformed by in vitro infection with Epstein-Barr virus 
(EBV) and capable of indefinite growth through the effect of EBV-encoded proteins. 

Lymphoid follicle: Localized collection of B cells within secondary (peripheral) lymphoid tissue (lymph 
nodes, spleen, and mucosa-associated lymphoid tissue such as the tonsils). 

Lytic infection: A stage of viral infection in which the virus replicates within the infected host cell, leading to the 
destruction (lysis) of the cell and release of complete virus particles (virions), which can infect other cells. 

Naive B cell: B cell that has not been exposed to its specific antigen. 

Seropositivity: The presence of antibodies in the serum indicating prior exposure to a particular organism or 
antigen. 

Somatic hypermutation: The germinal center process of introducing point mutations into the rearranged V 
(variable) regions of Ig genes at a very high rate, giving rise to mutant BCRs on the surface of the B cells, 
some of which bind antigen better than the original BCRs, with resultant increased affinity for antigen. B 
cells expressing high affinity receptors are preferentially selected to mature into antibody-secreting cells. 
These mutations affect only somatic cells and are not inherited through germline transmission. 



expression of EBNA1, LMP1, and LMP2 (latency II or 
"default" program) allows the infected B cell to progress 
through a germinal center reaction to become a memory 
B cell, which exits from the germinal center and circu- 
lates in the blood. The EBV-infected memory B cell exp- 
resses no viral proteins except during cell division, when 
it expresses only EBNA1 (latency I), which engages the 
host cell DNA polymerase and ensures transmission of 
the viral genome to the daughter cells. The lack of viral 
protein expression allows the virus to persist in memory 
B cells despite a healthy immune response. Latently infected 
memory B cells returning to the tonsil can terminally dif- 
ferentiate into plasma cells, which initiates the lytic (rep- 
licative) transcription program with the production of 
infectious virus (Laichalk and Thorley-Lawson 2005). The 
resulting free virions infect tonsil epithelial cells, where 



the virus replicates at a high rate and is continuously shed 
into saliva for transmission to new hosts (Hadinoto and 
others 2009). Newly formed virus can also infect addi- 
tional naive B cells in the same host. 

Latently infected memory B cells display the molecu- 
lar hallmarks of classical antigen-selected memory B 
cells — namely, somatic hypermutation and class-switch 
recombination of their immunoglobulin (Ig) genes (Souza 
and others 2005). In normal B cell differentiation, naive 
B cells are activated by antigen through the B cell recep- 
tor (BCR) and by T cell help through the CD40 receptor 
so that they proliferate and progress through a germinal 
center reaction. Remarkably, LMP2A and LMP1, which 
are expressed by EBV during latency II and latency III, 
mimic the antigen-activated BCR and the activated CD40 
receptor, respectively. In vitro LMP2A can mimic and 



Pender 



353 



Box 2. Four-Tier Hypothesis for the Role of Epstein-Barr 
Virus in the Pathogenesis of Multiple Sclerosis 

1 . Infection with the Epstein-Barr virus (EB V) 
is essential for the development of multiple 
sclerosis (MS). 

2. EBV causes MS in genetically susceptible 
individuals by infecting autoreactive B cells, 
which seed the CNS, where they produce 
pathogenic autoantibodies and provide cos- 
timulatory survival signals to autoreactive 
T cells that would otherwise die in the CNS 
by apoptosis. 

3 . The susceptibility to develop MS after EBV 
infection is dependent on a genetically deter- 
mined quantitative deficiency of the cytotoxic 
CD8+ T cells that normally keep EBV inf- 
ection under tight control. 

4. Sunlight and vitamin D protect against MS 
by increasing the number of CD8+ T cells 
available to control EBV infection. 




replace constitutive BCR signaling and thereby support 
an activated, proliferative state in B cells, which it ren- 
ders resistant to apoptosis (Mancao and Hammerschmidt 

2007) . In transgenic mice, LMP1 can act as a constitu- 
tively active CD40 receptor that completely substitutes 
for CD40 signaling in B cells, leading to normal B cell 
development, activation, and immune responses, includ- 
ing class-switch recombination, germinal center forma- 
tion, and somatic hypermutation (Rastelli and others 

2008) . It was initially thought that in the human tonsil, 
LMP2 A and LMP 1 drive infected B cells through a ger- 
minal center reaction independently of antigen and T cell 
help (Thorley-Lawson and Gross 2004), but recent evi- 
dence suggests that they work synergistically with BCR 
signaling and CD40 signaling, respectively (Roughan 
and Thorley-Lawson 2009). Another difference between 
the in vitro and in vivo behavior of EBV-infected B cells 
is that when EBV infects B cells in vitro, it activates them 
to become lymphoblasts, which proliferate indefinitely to 
form a B cell lymphoblastoid cell line (LCL), whereas in 
vivo, it appears that newly infected lymphoblasts in the 
tonsil of healthy EBV carriers undergo very limited pro- 
liferation prior to entering the germinal center, where 
they proliferate extensively and differentiate into mem- 
ory B cells (Roughan and others 2010). The continuous 
proliferation of B lymphoblasts in LCL in vitro may be 
a consequence of their not having access to a germinal 
center environment to down-regulate expression of the 
EBNA proteins 2, 3A, 3B, 3C, and LP (Roughan and 
others 2010). 



Figure I. Normal sequence of events during infection of the 
tonsil by Epstein-Barr virus (EBV). During primary infection, 
EBV entering the tonsil from the saliva infects naive B cells, 
driving them out of the resting state to become activated B 
blasts, which then enter germinal centers where they proliferate 
intensely and differentiate into latently infected memory B 
cells, which then exit from the tonsil and circulate in the blood. 
The infected memory B cells do not express any viral proteins 
except during cell division when they express Epstein-Barr 
nuclear antigen I (EBNA I). Latently infected memory B cells 
returning to the tonsil can differentiate into plasma cells, which 
initiates the lytic phase of infection with the production of 
free virus particles (virions). The virions infect tonsil epithelial 
cells, where the virus replicates at a high rate and is shed into 
saliva for transmission to new hosts. Newly formed virus can 
also infect additional naive B cells in the same host. During 
primary infection, this cycle initially proceeds unchecked by 
the immune system. However, the infected host soon mounts 
an immune response against the virus. EBV-specific cytotoxic 
CD8+T cells kill infected B cells expressing viral proteins, and 
anti-EBV antibodies neutralize viral infectivity by binding to 
free virus. Red lines with perpendicular bars indicate inhibition. 
This model is based on work published by Thorley-Lawson 
and colleagues (Thorley-Lawson and Gross 2004; Laichalk and 
Thorley-Lawson 2005; Hadinoto and others 2009; Roughan 
and others 2010). 

EBV infection is normally kept under tight control by 
EBV-specific immune responses, especially by cytotoxic 
CD8+ T cells, which eliminate proliferating and lytically 
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infected B cells (Hislop and others 2007; Fig. 1). In the 
developing world, most children become infected within 
the first three years of life, and EBV seropositivity reaches 
100% within the first decade (Rickinson and Kieff 2001). 
These early primary infections are almost always asymp- 
tomatic. In contrast, in the developed world, up to half the 
children are still EBV seronegative at the end of their first 
decade and subsequently become infected through inti- 
mate oral contact in adolescence or young adulthood 
(Rickinson and Kieff 2001). As many as 50% of these 
delayed primary infections are symptomatic and manifest 
after an incubation period of four to seven weeks as acute 
infectious mononucleosis (glandular fever), an illness 
characterized by fever, malaise, pharyngitis, and lymph- 
adenopathy (Vetsika and Callan 2004). During the incu- 
bation period, the cycle of infection, B cell activation, 
germinal center reaction, lytic replication, and reinfection 
initially goes unchecked by cytotoxic CD8+ T cells because 
of the delay in mounting an adaptive immune response. 
As a result, the number of latently infected memory B cells 
during infectious mononucleosis can rise to half and per- 
haps even higher of the peripheral memory B cell com- 
partment (Hochberg and others 2004). Eventually, the 
infection evokes a massive expansion of activated EBV- 
specific CD8+ T cells, which rapidly control the infection 
by killing a high proportion of the EBV-infected B cells 
(Vetsika and Callan 2004). With the rapid decline in the 
EBV viral load, the number of EBV-specific CD8+ T cells 
also rapidly declines toward the levels found in persis- 
tently infected healthy virus carriers (Hoshino and others 
1999; Hadinoto and others 2008). It has been suggested 
that the difference between asymptomatic primary EBV 
infection and infectious mononucleosis is the higher num- 
ber of EBV-infected B cells in the latter, with the symp- 
toms being due to the massive destruction of virus-infected 
B cells by cytotoxic CD8+ T cells (Hadinoto and others 
2008). Why a higher proportion of B cells should be 
infected when primary infection is delayed beyond child- 
hood to adolescence or later is unclear. Possible explana- 
tions include a higher dose of viral inoculum acquired by 
intimate oral contact and a reduced capacity to mount a 
rapid effective CD8+ T cell response in adolescents/ 
adults compared with young children. The importance of 
CD8+ T cells in controlling primary EBV infection is 
demonstrated by the development of potentially fatal B cell 
lymphoproliferative disease in immunosuppressed trans- 
plant recipients with low numbers of EBV-specific T cells 
and high viral loads (Smets and others 2002). 

Evidence Implicating EBV 
in the Pathogenesis of MS 

The first evidence for a role of EBV in the pathogenesis 
of MS came in 1 979 when Fraser and others (1979) reported 



that peripheral blood lymphocytes from patients with clin- 
ically active MS have an increased tendency toward spon- 
taneous in vitro EBV- induced B lymphocyte transformation. 
In the following year, Sumaya and others (1980) reported 
a higher frequency of EBV seropositivity and higher serum 
anti-EBV antibody titers in MS patients compared with 
controls. Subsequent studies have shown that MS patients 
are almost universally seropositive for EBV but not for 
other viruses (Bray and others 1983; Wandinger and others 
2000). In a meta-analysis of 13 case control studies 
comparing EBV serology in MS patients and controls, 
99.5% of MS patients were EBV seropositive compared 
with 94.0% of controls, with EBV seronegativity having 
an OR MH odds ratio of MS of 0.06 (exact 95% confidence 
interval [CI], 0.03, 0.13; P < .000000001) (Ascherio and 
Munger 2007). Serial studies have shown that the risk of 
developing MS is extremely low among individuals not 
infected with EBV but increases sharply in the same 
individuals following EBV infection, with an estimated 
mean interval of 5.6 years between primary EBV infection 
and onset of MS (Levin and others 2010). These studies 
suggest that EBV infection is a prerequisite for the deve- 
lopment of MS but, by itself, is not sufficient to cause MS 
because the vast majority of people infected with EBV do 
not develop the disease. The fact that EBV infection is 
associated with a dramatic increase in MS risk is obscured 
by the fact that EBV infects such a large proportion (-95%) 
of the general adult population. If EBV does have an 
essential role in the development of MS, studies in children 
should show a larger numerical difference in the frequency 
of EBV seropositivity between MS patients and controls 
because the prevalence of EBV infection in the general 
population is considerably lower in children than in adults. 
Indeed, children with MS have an EBV seropositivity rate 
of 86% to 99% compared with 64% to 72% in age-matched 
controls (Pohl and others 2006; Banwell and others 2007; 
Liinemann and others 2008a). One of these studies 
concluded that EBV infection is not essential for the 
development of MS because 14% of the children diagnosed 
as having MS were classified as EBV seronegative 
(Banwell and others 2007). It is possible that the EBV- 
seronegative cases in that study either were actually 
infected with EBV but falsely seronegative or did not have 
MS but recurrent acute disseminated encephalomyelitis, 
which can be difficult to distinguish clinically from MS in 
children. A clinical history of infectious mononucleosis 
increases the risk of MS, with a relative risk of 2.3 (Thacker 
and others 2006). 

A study of blood samples collected from US military 
personnel before the onset of MS showed that the pres- 
ence of high titers of serum IgG antibodies to the EBNA 
complex increases the risk 36-fold for developing MS 
(Levin and others 2005). This risk was associated with 
IgG antibodies to EBNA1 but not EBNA2. Elevated serum 
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IgG reactivity to EBNA1 was also found to increase the 
risk of MS in two other prospective studies (Ascherio and 
others 2001; Sundstrom and others 2004). 

When measured after the onset of MS, antibody reac- 
tivity to EBV correlates with disease activity and progres- 
sion. Wandinger and others (2000) found increased IgM 
and IgA responses to EBV early antigens and detected 
EBV DNA in the sera of patients with clinically active 
MS but not in clinically stable patients. Subsequent stud- 
ies have shown that the serum level of anti-EBNAl IgG 
correlates with the number of active inflammatory demy- 
elinating lesions in the brain, as indicated by gadolinium 
enhancement on MRI (Farrell and others 2009), and with 
the total number of T2 MRI brain lesions (Liinemann and 
others 2010); it also correlates with future disease pro- 
gression measured clinically and by MRI (Farrell and 
others 2009; Liinemann and others 2010). Serum levels 
of IgG antibodies to EBV viral capsid antigen are also 
associated with T2 lesion load and gray matter atrophy 
(Zivadinov and others 2009; Liinemann and others 2010). 

In addition to anti-EBV antibodies being increased 
in the serum in MS, they are also elevated in the CSF 
(Sumaya and others 1985; Rand and others 2000; Cepok 
and others 2005; Jaquiery and others 2010), which could 
indicate specific synthesis of antibody against EBV or 
simply reflect polyspecific antibody synthesis. The cor- 
rected Antibody Index makes this distinction (Reiber and 
Lange 1991) and reveals specific anti-EBV antibody syn- 
thesis in the CNS (Rand and others 2000; Jaquiery and 
others 2010), which is also demonstrated by the reactivity 
of some of the characteristic CSF oligoclonal IgG bands 
to EBV proteins (Rand and others 2000; Cepok and oth- 
ers 2005). Indeed, the anti-EBV response is the dominant 
antibody response in the CSF in MS, as revealed by Cepok 
and others (2005), who screened CSF IgG for reactivity 
against 37,000 proteins and found the two most frequent 
reactivities to be against the EBV proteins, EBNA1 and 
BRRF2. However, to complicate matters, there is also 
specific synthesis of antibodies to other viruses such as 
measles and rubella (Reiber and Lange 1991; Rand and 
others 2000). This differs from the situation in CNS dis- 
eases caused by a single infectious agent, such as sub- 
acute sclerosing panencephalitis, where there is specific 
synthesis in the CNS of antibody against only the caus- 
ative virus, in this case the measles virus (Reiber and Lange 
1991). A possible explanation for the findings in MS is 
that EBV is the causative infectious agent in the CNS and 
thus elicits a dominant anti-EBV antibody response as 
well as promoting the synthesis of other antibodies by 
infecting B cells of other specificities (Pender 2003). 

Further indirect evidence that EBV is present in the CNS 
in MS is provided by the finding that EBV-specific CD8+ 
T cells are enriched in the CSF, compared with the blood, in 
early MS but not in patients with other inflammatory 



neurological diseases (Jaquiery and others 2010). The 
recruitment of CD8+ T cells was selective for EBV- 
specific T cells because T cells reactive to cytomegalovi- 
rus, another herpesvirus, were not enriched in the CSF. 
Given that antigen-specific CD8+ T cells infiltrate the 
brain only when their cognate antigen is present (Galea 
and others 2007), these findings suggest that EBV is 
present in the CNS in MS. An alternative but less likely 
explanation is that EBV-specific CD8+ T cells in the CSF 
are recognizing not EBV but a CNS autoantigen with 
which they cross-react. 

Recently, Serafini and others (2007) reported that a 
substantial proportion of the B cells and plasma cells in 
21 of 22 brains of MS patients were infected with EBV. 
They identified EB V-infected cells using in situ hybridization 
for EBV-encoded small RNA (EBER-ISH), the gold 
standard for detection of EBV-infected B cells in histo- 
logical material (Gulley and Tang 2008), and by immuno- 
histochemistry with antibodies specific for EBV proteins. 
EBV-infected B cells were not detected in the brains of 
patients with other inflammatory CNS diseases. The major 
sites of EBV persistence in the MS brain were meningeal 
structures resembling B cell lymphoid follicles with 
germinal centers, which the authors had previously demon- 
strated to be present in patients with secondary progressive 
MS (Magliozzi and others 2007; Fig. 2). B cells exp- 
ressing EBV latent proteins were regularly found in the 
brains of patients with MS, whereas B cells expressing 
the EBV early lytic cycle protein, BFRF1, were restricted 
to acute lesions and meningeal B cell follicles. Their 
finding that EBV-infected B cells in meningeal follicles 
express LMP1 and LMP2Abut not EBNA2 indicates that 
here EBV deploys the latency II ("default") transcription 
program (Serafini and others 2007; Serafini and others 
2010), which allows infected B cells to progress through 
a germinal center reaction to become latently infected 
memory B cells (Thorley-Lawson and Gross 2004). It 
also accords with the observation that, in the tonsils of 
healthy EBV carriers, EBV-infected B cells expressing 
this viral transcription program not only are functionally 
indistinguishable from classical germinal center B cells 
but also are physically located in germinal centers (Roughan 
and Thorley-Lawson 2009). 

In contrast to Serafini and others (2007), Willis and 
others (2009) found EBV in only 2 of 24 brains of MS 
patients. They did not detect EBV-infected B cells by 
EBER-ISH or immunohistochemistry using antibodies 
against LMP 1 or EBNA2 in any of the specimens but did 
detect low levels of EBV DNA in two samples by real- 
time polymerase chain reaction. They concluded that 
EBV infection is rare in MS brain tissue and unlikely to 
contribute directly to the pathogenesis . A similar conclusion 
was reached by Peferoen and others (2010), who detected 
nuclear EBER by ISH in only one specimen from 16 MS 
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Figure 2. Epstein-Barr virus (EBV)-infected B cells in the brain in secondary progressive multiple sclerosis (MS). EBV-infected B 
cells are localized in perivascular inflammatory infiltrates in the white matter and in meningeal inflammatory infiltrates overlying the 
cortex, with the highest concentration of EBV-infected B cells in meningeal infiltrates that resemble lymphoid follicles with germinal 
centers.The white areas in the cortex and white matter represent demyelinated regions. This distribution of EBV-infected B cells in 
the MS brain is based on the study of Serafini and others (2007). 



brains exhibiting prominent B cell infiltrates. Possible 
explanations for the discrepancy between these findings 
and those of Serafini and others (2007) are differences in 
experimental design and interpretation, tissue selection 
and processing, the degree of CNS B cell infiltration, and 
the sensitivities and specificities of the techniques used. 
It has been suggested that the inability of Willis and others 

(2009) to detect any EBV-infected B cells by EBER-ISH 
in their MS brain specimens might have been due to 
degradation of EBER RNA by long tissue fixation times 
in formalin (Pender 2009b). Another important difference 
from the work of Serafini and others (2007) is that 
meningeal B cell follicles, which were found by Serafini 
and others to be major sites of EBV persistence, were not 
found by Willis and others (2009) or Peferoen and others 

(2010) to analyze. 

Liinemann and others (2010) found the EBV DNA 
load in peripheral blood mononuclear cells (PBMCs) to 



be moderately increased in patients with clinically isolated 
syndromes (first episodes of the type seen in MS) com- 
pared with healthy subjects. Using the same assay in an 
earlier study, Liinemann and others (2006) concluded that 
the EBV viral load is not increased in the PBMCs of 
patients with relapsing-remitting MS; however, the viral 
load was substantially higher in the MS patients than in 
the healthy controls, although the difference was not sta- 
tistically significant, possibly because of the small numbers 
of subjects. 

It has been noted since 1981 that the epidemiological 
features of MS can be explained by a requirement for a 
late primary EBV infection in adolescence or young 
adulthood (Warner and Carp 1 98 1 ). Indeed, delayed primary 
infection with EBV can account for each of the following 
epidemiological characteristics of MS: the association of 
MS with higher socioeconomic status; the latitudinal 
variation in MS prevalence, with prevalence increasing 
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with distance from the equator; the effects of migration on 
the risk of developing MS; and the occurrence of clusters 
and epidemics of MS (Haahr and Hollsberg 2006). 

Hypothesis Tier I : EBV Infection 
Is Essential for MS 

It is important to distinguish the role of EBV from that of 
other infectious agents in MS. It is well established that 
clinical exacerbations of MS are three times more likely 
to occur at the time of acute systemic infection with a 
wide variety of viruses and bacteria than at other times 
(Sibley and others 1985; Correale and others 2006). EBV 
differs from other infectious agents in the following 
ways: (1) EBV infection precedes the initial onset of MS 
by years in contrast to other infections, which precede 
exacerbations of already established MS by only one to 
two weeks; (2) EBV persists for the lifetime of the host, 
whereas most other infections are eradicated after the 
acute phase; (3) EBV is the only agent infecting virtually 
all patients with MS; and (4) EBV is the only agent that 
infects and modulates cells (B cells) involved in the dis- 
ease process. These features of EBV infection strongly 
suggest that it is essential for the development of MS. 
Possible mechanisms for the triggering of attacks by other 
infections include cross-reactivity between microbial 
antigens and CNS antigens and a general up-regulation of 
the immune system. 

Hypothesis Tier 2: How EBV 
Infection Causes MS 

Several hypotheses have been proposed to explain the 
role of EBV in the development of MS: (1) the EBV cross- 
reactivity hypothesis, (2) the EBV bystander damage 
hypothesis, (3) the aB-crystallin (mistaken self) hypothesis, 
and (4) the EBV-infected autoreactive B cell hypothesis, 
which is the hypothesis proposed in this article. For 
many years, the favored hypothesis was the EBV cross- 
reactivity hypothesis, which postulates that T cells primed 
by exposure to EBV antigens cross-react with and attack 
CNS antigens (Lang and others 2002). In support of this, 
3% to 4% of EBNA1 -specific CD4+ T cells in healthy 
subjects and MS patients react with peptides derived from 
myelin proteins (Lunemann and others 2008b). However, 
the EBV cross-reactivity hypothesis does not explain the 
unique and obligatory role of EBV in the development of 
MS. EBV is the only infectious agent known to be imp- 
licated in virtually all (>99%) cases of MS, yet all inf- 
ectious agents have the potential to induce cross-reactivity 
with CNS antigens (Pender 2003). Nor does this hypo- 
thesis require or explain the presence of EBV-infected 
B cells in the brain (Serafmi and others 2007) because 



cross-reactivity is initiated by exposure of T cells to EBV 
in lymphoid tissue outside the CNS. CD4 + T cell cross- 
reactivity between EBV and CNS antigens might contribute 
to the disease process in MS but is unlikely to represent 
the main role of EBV in causing MS (Pender 2003). 

The EBV bystander damage hypothesis proposes that 
the immune attack on the CNS in MS is primarily directed 
against EBV and that this results in bystander damage to 
the CNS (Serafmi and others 2007). In this scenario, MS 
would not be an autoimmune disease, although secondary 
autoimmune responses could develop as a result of sen- 
sitization to CNS antigens released after virus-targeted 
bystander damage. Thus, this hypothesis does not explain 
the evidence for a primary role of autoimmunity in the 
development of MS (Sospedra and Martin 2005; Pender 
and Greer 2007). It also questions why an EBV-directed 
immune response sufficient to cause CNS bystander 
damage does not eliminate EBV-infected B cells from the 
CNS. EBV- targeted bystander damage might contribute 
to the disease process in MS, but it is unlikely to constitute 
the main role of EBV in causing MS (Pender 2003). 

The aB-crystallin or "mistaken self hypothesis pro- 
poses that exposure to infectious agents induces the exp- 
ression of aB-crystallin, a small heat-shock protein, in 
lymphoid cells and that the immune system mistaking 
self aB-crystallin for a microbial antigen generates a 
CD4+ T cell response, which attacks aB-crystallin derived 
from oligodendrocytes, with resultant inflammatory dem- 
yelination (Van Noort and others 2000). aB-crystallin is 
reported to be an immunodominant antigen of CNS myelin 
from MS patients that is expressed in oligodendrocytes 
and myelin in early MS lesions but not in normal white 
matter (Van Noort and others 2000). A key requirement 
of the hypothesis is that infection of the CNS by a 
microbial agent, not necessarily the same as that inducing 
aB-crystallin in lymphoid cells, up-regulates the exp- 
ression of aB-crystallin in oligodendrocytes and provides 
other "danger" signals in the CNS, allowing inflammation 
to develop. Although the hypothesis is not specific for 
EBV, EBV is a candidate because it induces the expression 
of aB-crystallin in B cells, which present the protein to 
CD4+ T cells in a HLA-DR-restricted manner (Van 
Sechel and others 1999). This hypothesis by itself cannot 
account for the initial development and subsequent per- 
sistence of inflammation in the CNS but might explain 
how CD4+ T cells target oligodendrocytes and myelin after 
inflammation has been initiated in the CNS. 

The EBV-infected autoreactive B cell hypothesis of 
autoimmunity published in 2003 proposes that, in geneti- 
cally susceptible individuals, EBV-infected autoreactive 
B cells seed the target organ where they produce patho- 
genic autoantibodies and provide costimulatory survival 
signals to autoreactive T cells, which would otherwise 
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die in the target organ by activation-induced apoptosis 
(Pender 2003). The probability of EBV infecting naive 
autoreactive B cells is not low because at least 20% of 
human naive B cells are autoreactive (Wardemann and 
others 2003). The hypothesis makes several predictions, 
some of which have been verified in the case of MS — 
namely, the presence of EBV-infected B cells in the CNS 
(Serafini and others 2007), although this was not con- 
firmed by Willis and others (2009); a beneficial response 
to B cell depletion with rituximab (Hauser and others 
2008); and decreased CD8+ T cell immunity to EBV- 
infected B cells (Pender and others 2009). It also explains 
why irradiation of the CNS fails to eradicate the pro- 
duction of oligoclonal IgG (Tourtellotte and others 1980) 
because the EBV protein BHRF1, a homologue of the 
antiapoptotic protein bcl2 and produced by both latently 
and lytically infected cells (Kelly and others 2009), 
inhibits radiation-induced B cell apoptosis (McCarthy 
and others 1996). 

Based on the EBV-infected autoreactive B cell hypoth- 
esis, the following scenario is proposed to lead to the 
development of MS (Pender 2003; Pender and Greer 
2007; Fig. 3). EBV infection in individuals genetically 
susceptible to autoimmunity results in a high frequency 
of EBV-infected memory B cells, including autoreactive 
B cells, which seed the CNS and produce oligoclonal IgG 
in the CSF. In those individuals with class II HLA types 
(such as DRB1*1501), which predispose to MS, common 
systemic infections lead to the activation of CD4+ T 
cells, which cross-react with CNS antigens and traffic 
into the CNS, where they are reactivated by EBV-infected 
B cells presenting CNS antigens. These EBV-infected B 
cells provide costimulatory survival signals to the T cells 
and thereby inhibit the activation-induced T cell apopto- 
sis, which normally occurs when autoreactive T cells 
enter the CNS (Tabi and others 1994; Pender 1998). The 
autoreactive T cells orchestrate an immune attack on the 
CNS through the recruitment of macrophages and B cells. 
CNS antigens released by this attack lead to spreading of 
the immune response to other CNS antigens. Repeated 
T cell attacks on the CNS supported by local EBV- 
infected B cells lead to the development of meningeal B 
cell follicles with germinal centers, which generate CNS- 
reactive B cells producing autoantibodies that cause dem- 
yelination and neuronal damage in the underlying cerebral 
and cerebellar cortex. 

Hypothesis Tier 3: Why EBV 
Infection Causes MS 

Although virtually all MS patients are infected with EBV, 
only a minority of people infected with EBV develop MS. 
Why is this so? The EBV-infected autoreactive B cell 



hypothesis of autoimmunity (Pender 2003) proposes that 
following EBV infection, the HLA class II type will 
determine the organ in which autoimmune disease devel- 
ops by determining which self antigens cross-react with 
CD4+ T cells activated by infectious agents. Thus, for MS 
to develop after EBV infection, MS susceptibility HLA 
class II alleles such as DRB 1*1501 are required for infec- 
tious agents to activate CD4+ T cells that cross-react with 
CNS antigens and enter the CNS, where they interact 
with EBV-infected B cells and trigger an attack. How- 
ever, there must also be another factor conferring suscep- 
tibility to MS after EBV infection because it is still only a 
minority of people carrying HLA-DRB1*1501 who deve- 
lop MS after EBV infection. Possible candidates for this 
additional factor include ( 1 ) EBV strain variation, (2) a 
B cell abnormality increasing the uptake of EBV or enhan- 
cing the proliferative capacity of infected cells, (3) resis- 
tance of infected B cells to killing by cytotoxic CD 8+ 
T cells, (4) an impairment in the cytotoxic function of 
CD8+ T cells, and (5) a quantitative deficiency of CD8+ 
T cells, which is the hypothesis proposed in this article. 

EBV strain variation could influence susceptibility to 
MS in two ways. First, different strains of EBV may differ 
in their intrinsic biological activity, causing alterations in 
infectivity, B cell activation, or lytic potential, which 
could affect B cell homeostasis and the development of 
autoimmunity. Second, variant EBV strains could elicit 
variant antibody and T cell immune responses, leading to 
less protective immunity or more pathogenic immunity 
through cross-reactivity with CNS antigens. A recent 
study found that several single-nucleotide polymorphisms 
(SNPs) within the EBNA1 gene and one within the BRRF2 
gene occurred at marginally different frequencies in EBV 
strains infecting MS patients versus controls (Brennan 
and others 2010). This suggests that EBV strain variation 
might influence susceptibility to MS in some patients 
but is unlikely to be the dominant factor influencing sus- 
ceptibility in the majority of patients. 

Susceptibility to MS following EBV infection could 
also be due to a B cell abnormality increasing the uptake 
of EBV or enhancing the proliferative capacity of infected 
cells. At present, there is no evidence for such abnormalities; 
however, this area has received little attention except for 
one study that found no differences between MS patients 
and controls in the frequencies of SNPs within the gene 
for CR2, the primary receptor for EBV on B cells (Simon 
and others 2007). 

Resistance of EBV-infected B cells to killing by cytotoxic 
CD8+ T cells is unlikely to underlie the susceptibility to 
MS because EBV-infected LCL from MS patients can be 
killed normally by HLA-matched EBV-specific cytotoxic 
CD8+ T cell clones from healthy subjects (Pender and 
others 2009). An impairment in the cytotoxic function of 
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Figure 3. Proposed role of Epstein-Barr virus (EBV) infection in the development of multiple sclerosis (MS). During primary infection, 
EBV infects autoreactive naive B cells in the tonsil, driving them to enter germinal centers, where they proliferate intensely and 
differentiate into latently infected autoreactive memory B cells (step I), which then exit from the tonsil and circulate in the blood 
(step 2). The number of EBV-infected B cells is normally controlled by EBV-specific cytotoxic CD8+T cells, which kill the infected B 
cells, but not if there is a defect in this defense mechanism. Surviving EBV-infected autoreactive memory B cells enter the CNS, where 
they take up residence and produce oligoclonal IgG and pathogenic autoantibodies, which attack myelin and other components of 
the CNS (step 3). Autoreactive T cells that have been activated in peripheral lymphoid organs by cross-reacting infectious antigens 
circulate in the blood and enter the CNS, where they are reactivated by EBV-infected autoreactive B cells presenting CNS peptides 
(Cp) bound to major histocompatibility complex (MHC) molecules (step 4).These EBV-infected B cells provide costimulatory survival 
signals (B7) to the CD28 receptor on the autoreactiveT cells and thereby inhibit the activation-induced T cell apoptosis that normally 
occurs when autoreactive T cells enter the CNS and interact with nonprofessional antigen-presenting cells such as astrocytes and 
microglia, which do not express B7 costimulatory molecules (Tabi and others 1994; Pender 1998) (step 6). After the autoreactiveT 
cells have been reactivated by EBV-infected autoreactive B cells, they produce cytokines such as interleukin 2 (IL2), interferon y (IFNy) 
and tumor necrosis factor (3 (TNFfS) and orchestrate an autoimmune attack on the CNS with resultant oligodendrocyte and myelin 
destruction (step 5).TCR, T cell receptor. 
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CD8+ T cells is also unlikely because MS patients can 
generate EBV-specific cytotoxic CD8+ T cell lines in 
vitro, which can kill their own EBV- infected LCL (Pender 
and others 2009). 

A quantitative deficiency of CD8+ T cells is the most 
likely factor underlying the susceptibility to develop MS 
after EBV infection. MS patients have decreased CD8+ T 
cell reactivity to EBV-infected B cells, as assessed by the 
frequency of PBMC producing interferon-y in response 
to autologous LCL in enzyme-linked immunospot 
(ELISPOT) assays (Pender and others 2009). In contrast 
to the use of synthetic EBV peptides as target antigens 
(Jilek and others 2008), this approach provides a direct 
measure of the aggregate T cell response to EBV-infected 
B cells in each subject because it uses each person's natural 
antigen-processing mechanisms to present viral antigens 
at normal physiological concentrations on the surface of 
their own EBV-infected B cells, and it represents the total 
T cell response to all EBV antigens presented by all HLA 
molecules on LCL in each subject. LCL express not only 
the latent proteins of EBV but also the lytic proteins 
(Pudney and others 2005 ; Tynan and others 2005) because 
a proportion of the cells in LCL are in the lytic phase of 
infection. Using a pool of HLA class I-restricted EBV 
peptides in ELISPOT assays, Jilek and others (2008) 
found an increased EBV-specific CD8+ T cell response in 
patients with clinically isolated syndromes but a normal 
response in established MS. These results are difficult to 
interpret because it is likely that in any given subject, only 
a minority of the peptides were restricted by HLA class I 
alleles carried by the subject. Thus, the T cell response to 
the pool of peptides might have been composed largely of 
responses that have no in vivo relevance. It is noteworthy 
that the mean frequency of T cells responding to the pool 
of peptides in healthy subjects in this study (Jilek and 
others 2008) was only 5% of the mean frequency of LCL- 
specific T cells in the study analyzing the total T cell res- 
ponse to EBV-infected B cells (Pender and others 2009). 
Using a similar assay to that of Jilek and others (2008), 
Lunemann and others (2010) found no significant diff- 
erence in the CD8+ T cell response to pooled EBV peptides 
between patients with clinically isolated syndromes and 
healthy controls. 

The finding of decreased CD8+ T cell reactivity to 
EBV-infected B cells in patients with MS (Pender and 
others 2009) is consistent with earlier reports that MS 
patients have decreased T cell control of Ig-secreting B 
cells after in vitro infection with EBV (Craig and others 
1 988) and that peripheral blood lymphocytes from patients 
with MS have an increased tendency toward spontaneous 
in vitro EBV-induced B cell transformation (Fraser and 
others 1979). A key question is whether the decreased 



frequency of LCL-specific CD8+ T cells in the blood is 
the cause or the effect of the accumulation of EBV- 
infected B cells in the CNS (Serafini and others 2007) or 
a combination of both. Some of the decrease might be 
due to sequestration of EBV-specific CD8+ T cells in the 
CNS because CD8+ T cells are present in the CNS in 
proportion to the number of EBV-infected B cells 
(Serafini and others 2007). If the decreased frequency of 
LCL-specific CD8+ T cells in the blood were to be 
attributed solely to sequestration within the CNS, it would 
raise the question why EBV-infected B cells accumulate 
in the CNS in the first place and are not eliminated by 
EBV-specific CD8+ T cells, given that EBV-infected B 
cells of MS patients can be killed by their own EBV- 
specific CD8+ T cells in vitro (Pender and others 2009). 
The most likely scenario is that a deficiency of EBV- 
specific CD8+ T cells allows the accumulation of EBV- 
infected B cells in the CNS in MS and that a vicious 
circle then ensues whereby the inherently deficient CD8+ 
T cell response is further compromised by T cell exhaus- 
tion as a result of the persistent high EBV load in the 
CNS. Interestingly, lower LCL-specific T cell frequencies 
were associated with earlier age of onset of MS, sugg- 
esting that the more severe the deficiency of EBV-specific 
CD8+ T cells, the sooner MS will develop after primary 
EBV infection (Pender and others 2009). 

If a quantitative deficiency of EBV-specific CD8+ T 
cells is responsible for the accumulation of EBV-infected 
B cells in the CNS, what causes this deficiency? Since 
1980, it has been recognized that MS patients have a 
decreased proportion and number of CD8+ T cells and 
increased CD4/CD8 T cell ratio in peripheral blood 
(Reinherz and others 1980; Bach and others 1980; Antel 
and others 1984; Thompson and others 1986; Trotter and 
others 1989; Kreuzfelder and others 1992; Michalowska- 
Wender and Wender 2006). This was initially interpreted 
as a decrease in suppressor T cells leading to disinhibition 
of autoimmune responses (Reinherz and others 1980) but 
later attributed to sequestration of CD8+ T cells in the 
CNS (Kreuzfelder and others 1992) because CD8+ T cells 
predominate in the T cell infiltrate in the MS brain (Booss 
and others 1983; Hauser and others 1986). However, if 
CD8+ T cells are accumulating in the CNS because of the 
presence there of EBV, the number of CD8+ T cells in the 
blood should increase, not decrease, because normally the 
CD8+ T cell response increases with EBV load (Hoshino 
and others 1999; Yajima and others 2008; Strowig and 
others 2009). An alternative explanation, and the one 
proposed here, is that a genetic deficiency of CD8+ T 
cells results in a decreased CD8+ T cell response to EBV, 
which allows EBV-infected B cells to accumulate in the 
CNS. The CD4/CD8 T cell ratio in humans is genetically 
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Figure 4. Proposed sequence of events leading to the development of multiple sclerosis (MS) and other human autoimmune diseases, 
for example, autoimmune thyroid disease. In individuals with a genetic deficiency of CD8+ T cells (carried by "autoimmune genes") 
and with HLA class II genes predisposing to MS (such as HLA-DR 1 5), late Epstein-Barr virus (EBV) infection leads to the infection of 
autoreactive B cells, which accumulate in the CNS, where they reactivate autoreactive T cells that orchestrate an autoimmune attack 
on the CNS leading to the development of MS (upper panel). In individuals with a genetic deficiency of CD8+T cells and with HLA 
class II genes predisposing to autoimmune thyroid disease (such as HLA-DR3),late EBV infection leads to the infection of autoreactive 
B cells, which accumulate in the thyroid gland, where they reactivate autoreactive T cells that orchestrate an autoimmune attack on 
the thyroid gland, leading to the development of autoimmune thyroid disease (lower panel). 



controlled (Amadori and others 1995), with at least 
some of the responsible genes being located in the HLA 
complex (Ferreira and others 2010). A genetic deficiency 
of CD8+ T cells would exert its effect from the time of 
primary EBV infection in the tonsil by prolonging the 
survival and proliferation of infected B lymphoblasts and 
germinal center cells and the survival of plasma cells 
replicating the virus. This would facilitate the development 
of infectious mononucleosis and increase the probability 
of clonal expansion of EBV-infected autoreactive B cells. 
In individuals with HLA class II backgrounds conducive 
to MS, continuing CD8+ T cell deficiency would allow 
the accumulation of EBV-infected autoreactive B cells in 
the CNS and ultimately the recruitment of autoreactive 
CD4+ T cells and autoimmune attack, as described above 
(Fig. 4). In individuals with HLA class II backgrounds 
conducive to other autoimmune diseases, EBV-infected 



autoreactive B cells would accumulate in the respective 
target organ and reactivate autoreactive T cells there with 
resultant autoimmune attack (Fig. 4). In MS, the auto- 
immune process itself could foster the survival and 
proliferation of EBV-infected autoreactive B cells in the 
CNS by releasing CNS antigens and giving CD4+ T cell 
help, which would complement the BCR and CD40 
receptor signaling already provided by LMP2 A and LMP 1 , 
respectively (Pender 2009b). This could lead to a vicious 
circle wherein EBV-infected autoreactive B cells promote 
autoimmunity, which in turn promotes EBV infection in 
the CNS. Because the number of CD8+ T cells normally 
declines with increasing age (Amadori and others 1995; 
Hall and others 2000), the primary CD8+ T cell deficiency 
will be aggravated as each patient ages (Fig. 5). This could 
underlie the age-dependent accumulation of disability in 
MS (Confavreux and Vukusic 2006). In the later stages of 
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Figure 5. Proposed genetic deficiency of CD8+ T cells 
underlying the development of multiple sclerosis (MS). The 
upper green panel on the graph represents health, the middle 
orange panel the development of relapsing MS.and the lower red 
panel the development of progressive MS. In healthy individuals 
(Health), the number of CD8+T cells declines with increasing 
age but still remains sufficient to control Epstein-Barr virus 
(EBV) infection. In individuals with a mild genetic deficiency of 
CD8+T cells, the deficiency of CD8+T cells is aggravated by 
increasing age, eventually leading to insufficient CD8+T cells to 
control EBV infection. In individuals carrying HLA class II genes 
predisposing to MS, this leads to the accumulation of EBV- 
infected B cells in the CNS and the development of relapsing 
MS, which ultimately evolves into progressive MS as the CD8+ 
T cell count further declines with age and as the EBV load in 
the CNS subsequently increases. In individuals with a severe 
genetic deficiency of CD8+ T cells, MS develops at a younger 
age and progresses more rapidly. Lower exposure to sunlight at 
higher latitudes aggravates the genetic CD8+ T cell deficiency 
and increases the incidence and progression of MS. 



MS, the prolonged high EBV load could lead to T cell 
exhaustion, also aggravating the primary CD8+ T cell 
deficiency. 

Hypothesis Tier 4: How Sunlight 
Protects against MS 

It has long been recognized that the prevalence of MS 
increases with increasing latitude (Ulett 1948). Because 
sunlight exposure decreases with increasing latitude, it has 
been proposed that sunlight protects against the develop- 
ment of MS (Acheson and others 1960). Subsequently, 
considering that the ultraviolet component of sunlight 
is essential for the synthesis of vitamin D in the skin, 
Goldberg ( 1 974) proposed that vitamin D protects against 
MS. Support for this comes from prospective epidemio- 
logical studies showing that higher vitamin D intake (Munger 
and others 2004) and higher serum levels of 2 5 -hydroxy vi- 
tamin D (Munger and others 2006) are associated with a 



reduced risk of developing MS. Because vitamin D pre- 
vents the induction of experimental autoimmune enceph- 
alomyelitis (EAE) in mice (Lemire and Archer 1991), the 
most favored hypothesis has been that vitamin D protects 
against MS by suppressing autoreactive T cell responses. 
However, this is unlikely because the levels of 1,25- 
dihydroxyvitamin D required to suppress EAE are well 
above those that can be produced naturally upon expo- 
sure to sunlight (Becklund and others 20 1 0). More recently, 
it has been proposed that vitamin D protects against MS 
by modulating the immune response to EBV, either by 
inhibiting the activation of autoreactive T cells (Holmoy 
2008) or through enhanced protective innate immunity 
mediated by cathelicidin (Grant 2008). 

Another possible EBV-related mechanism whereby 
sunlight/vitamin D protects against MS, and the one pro- 
posed here, is a sunlight-induced increase in the number 
of CD8+ T cells available to control EBV infection 
(Figure 5). Exposure to natural sunlight or treatment in a 
solarium increases the proportion of CD8+ T cells and 
decreases the CD4/CD8 T cell ratio in peripheral blood 
(Hersey and others 1983 a; Hersey and others 1983b; 
Falkenbach and Sedlmeyer 1997). Exactly how sunlight 
increases the number of CD 8+ T cells is unclear, but the 
effect is probably mediated at least in part by vitamin D 
because (1) among cells of the immune system, activated 
CD8+ T cells express the highest concentrations of the 
vitamin D receptor (Veldman and others 2000); (2) vita- 
min D increases the mitogen-induced proliferation of 
CD8+ T cells and decreases the CD4/CD8 ratio in bovine 
PBMC in vitro (Nonnecke and others 1993); (3) vitamin D 
administration increases the CD8+ T cell count (Zofkova 
and Kancheva 1997); and (4) vitamin D deficiency is asso- 
ciated with a decreased proportion of CD8+ T cells and 
increased CD4/CD8 ratio (Cakmak and others 1999). 
Thus, it is proposed that the increasing incidence of MS 
with increasing latitude is due to aggravation of genetic 
CD8+ T cell deficiency, with resulting poorer control of 
EBV infection. A higher frequency of late primary EBV 
infection at a higher latitude might also contribute to the 
latitudinal gradient (Haahr and Hollsberg 2006). 

Testing the Hypothesis 

Is EBV Infection Essential for the 
Development of MS? 

If EBV infection is essential for the development of MS, 
it should be possible to prevent and cure MS by control- 
ling EBV infection (Pender 2009a). 

Prevention. Vaccination of healthy EBV-seronegative 
young adults with recombinant gp350 is effective in 
preventing the development of infectious mononucleosis 
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induced by EBV infection, although it does not prevent 
asymptomatic EBV infection (Sokal and others 2007). 
The vaccinated subjects showed seroconversion to anti- 
gp350 antibodies, which persisted >18 months and are 
probably responsible for the protective effect because anti- 
gp350 antibody neutralizes EBV infectivity (Haque and 
others 2006). Given that infectious mononucleosis increases 
the risk of MS (Thacker and others 2006), vaccination 
with gp350 might decrease the incidence of MS by reduc- 
ing the incidence of infectious mononucleosis. By reduc- 
ing the infectivity of EBV, it might prevent MS also in 
individuals who would not have developed infectious 
mononucleosis after infection with EBV. 

Treatment. There are three ways to treat MS by control- 
ling EBV infection: (1) B cell depletion with monoclonal 
antibodies, (2) boosting immunity to EBV, and (3) antiviral 
drugs. B cell depletion with rituximab reduces inflamma- 
tory brain lesions and clinical relapses in patients with 
relapsing-remitting MS (Hauser and others 2008) but has 
the disadvantage of eliminating not only EBV-infected B 
cells but also uninfected B cells, which normally confer 
protective immunity against infectious agents. The effect 
of rituximab is consistent with an essential role of EBV in 
the development of MS but does not constitute proof 
because it could be beneficial by eliminating autoreactive 
B cells not infected by EBV. More convincing evidence for 
an essential role of EBV would be eradication of disease 
by boosting immunity to EBV or by antiviral drugs. In 
people who have already been infected with EBV and have 
subsequently developed MS, boosting immunity to EBV 
could be achieved by vaccination with gp350, administra- 
tion of humanized or human monoclonal antibody against 
gp350, or by the intravenous infusion of autologous EBV- 
specific cytotoxic CD8+ T cells after expansion in vitro, 
which controls EBV-induced posttransplant lymphoprolif- 
erative disease (Savoldo and others 2006). With regard to 
antiviral drugs, treatment with aciclovir, which inhibits 
herpesvirus DNA polymerase, 2.4 g daily for two years 
reduced the clinical relapse rate by 34% in patients with 
relapsing-remitting MS (P = .08; Lycke and others 1996). 
In a subsequent study, treatment with valaciclovir, a pro- 
drug of aciclovir that increases aciclovir bioavailability, 3 
g daily for 24 weeks reduced the number of new active 
MRI brain lesions in a subgroup of patients with relaps- 
ing-remitting MS who had high levels of MRI-evident 
disease activity (Bech and others 2002). The limited effi- 
cacy of aciclovir and valaciclovir in the treatment of MS 
might be explained by the fact that these drugs act on EBV 
only when it is using its own DNA polymerase to replicate 
its DNA. This will apply only to lyrically infected cells but 
not to latently infected cells, which replicate EBV DNA 
through the use of EBNA1 to engage host cell DNA poly- 
merase. Thus, these drugs will inhibit EBV in only some of 



the EBV-infected B cells in the MS brain where some cells 
express BFRF1 (indicative of lytic infection) but others 
express EBNA2 and/or LMP1 (indicative of latency; 
Serafini and others 2007). One strategy to overcome this 
would be first to administer rituximab to eliminate as many 
EBV-infected B cells as possible and to follow this with 
long-term antiviral drug therapy. An alternative approach 
is to target LMP1 (Mei and others 2006), LMP2A, or 
EBNA1 (Li and others 2010) to inhibit EBV in latently 
infected cells. If EBV infection of B cells in the CNS 
underpins the development of MS, effective antiviral drugs 
have the potential to cure MS. 

Are EBV-infected 8 Cells in the 
CNS Autoreactive? 

Whether EBV-infected B cells in the CNS are autoreac- 
tive could be addressed by determining whether they bind 
biotinylated CNS antigens in the same way that intrathy- 
roidal germinal center B cells specifically bind thyroid 
antigens in autoimmune thyroid disease (Armengol and 
others 2001). 

Does a Deficiency of CD8+ T Cells 
Underlie the Development of MS 
following EBV Infection? 

Whether a deficiency of CD8+ T cells underlies the deve- 
lopment of MS following EBV infection could be add- 
ressed by the following experiments: (1) prospective studies 
to determine whether CD8+ T cell deficiency precedes 
the development of MS; (2) determining whether genetic 
variants associated with a decreased number of CD8+ T 
cells, such as the A allele of rs2524054 in HLA-B (Fer- 
reira and others 2010), predispose to MS; and (3) exam- 
ining whether MS can be successfully treated by the 
intravenous infusion of autologous EBV-specific cyto- 
toxic CD8+ T cells after expansion in vitro. 

Does Vitamin D Deficiency 
Contribute to the Development 
of MS by Depleting CD8+T Cells? 

Whether vitamin D deficiency contributes to the devel- 
opment of MS by depleting CD8+ T cells could be 
tested by determining whether treatment of vitamin D 
deficiency in MS patients by dietary supplementation or 
exposure to sunlight increases the CD8+ T cell response 
to EBV, decreases the EBV load, and produces clinical 
improvement. 
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